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Corrosion of a Stainless Steel Waste 
Heat Recuperator 
J. 1. Federer V. J .  Tennery 
ABSTRACT 
Waste hcat recuperation has significant potential for saving energy in fossil-fuel-fired industrial 
furnaces. Prchcating the air used to burn the fuel can significantly reduce fuel cons'umption. The Office 
o f  Industrial Applications of the U.S. Department of Energy is contracting several high-temperature 
waste hcat rccupcration demonstrations with thc objectivc o f  using successful cfforts to stimulate the 
industrial utilization o f  these devices. 
One o f  the recuperator demonstration contracts has as an ob.jective the successful operation of a 
concentric-shell radiation recuperator of. a ncw dcsign 011 aluminum-scrap-remelting I'urnaces. The 
design employs type 309 stainless stccl reradiant inserts within the type 309 stainless steel inner shell to 
increase heat radiation to the recuperator partition, thereby increasing the heat exhanger's effectiveness. 
The first demonstration recuperator in this program was installed on a furnace fired with No. 2 o i l  and 
melting a h n ~ ~ t  60 M g  (66 tons) o f  aluminum 1)cl- 24-h day. The unit operated for about 30 d .and 
provided air to the burner at 540°C. During this period, a burner control misoperation provided very 
fuel-rich gases to the base of the recuperator. This fuel combined with safety dilution air at the 
. . ---we recupcrator base and burned within the rccuperator. Also. during this period, air flow loss was detected 
at the burner. An inspection revealed that this was caused by failure o f  the partition wall separating the 
primary and secondary sides o f  the recuperator. Extensive corrosion o f  the partition wall and reradiant 
inserts was also observed. The recuperator was removed from the furnace for an unnlysis of the failure. . 7.e Sections along the recuperator partition were analyzed by using optical microscopy, electron 
microprobe. x-ray diffraction. and chemical analysis. Both the partition wall and the reradiant inserts 
had a thick surface scalc and intergranular attack o f  the alloy beneath the scale. The corrosion was 
primarily sulfidation-oxidation caused by low oxygen and high sulfur i n  the flue gases and was possibly 
accelerated by cxcessively high temperatures. Extensive carbide precipitation occurrcd at erain 
boundaricb alld twin boundaries in grains beneath the surface scale. Chlorine and potassium were also 
detected in grain boundarics o f  the corroded alloy. The carbide precipitation and the prcsencc of 
chlorides probably enhanced corrosion. 
1.  INTRODUCTION 
An effective method ot ~ndustrial energy conservation i. recovery of some of the sensible heat 
from hot flue gases. Some industries have used this cost-effective conservation rnethnd for many 
years. Iron blast furnaces, for example, usually have sets of regenerators constructed of refractory 
bricks. Large glass-melting furnaces also utilize refractory-brick regenerators extensively. One or 
more regenerators preheat combustion air for the furnace while others are being heated by the 
furnace exhaust gases. In the present case, a stainless steel recuperator of the concentric-tube type, 
or radiation type, was installed by a DOE contractor on an aluminum-melting furnace to 
demonstrate its durability and obtain data needed for optimization of recuperator design a n d  size. 
Two other demonstration recuperators, similar in design, will be installed on similar furnaces so that 
r.*- the operating characteristics of the three devices can be directly compared under similar conditions C -.; in actual plant operntlons. 
- .  The first recuperator, which is the subject of this report, operated for about 30 d, supplying 
- t.&- preheated (-540°C) combustion air to the furnace being fircd with No. 2 oil. Erratic operating 
\ characteristics caused the recuperator to be shut down for inspection. Extensive corrosion and a 
break in the heat exchanger partition were observed, and the recuperator was removed from the 
furnace for further examination. This report describes the results of a n  analysis to determine the 
cause of the observed col.l.osion. The  rcasons for events that may have resulted in a particularly 
corrosive environment were not the subject of this analysis; however, knowledge of the corrosion 
mechanism may aid in reconstructing the sequence of events leading to the observed failure in the 
metal shell separating the secondary f rom the primary o r  flue side of the recuperator. 
2. RECUPERATOR DESIGN AND MODE OF OPERATION 
Figure I illustrates the recuperator attached to the exhaust flue of the aluminum-melting 
furnace. The effective height of the recuperator was 12.2 m (-40 ft). The total height, including the 
adaptor  section and dome top,  was 14.2 m (-47 ft).   he basic recuperator consisted of two vertical, 
concentric tubes. The outer tube was 1.17 m (-46 in.) in inside diameter with a 6.35-mm-thick 
ORIJL-DWG 79-1 5974 
Fig. 1.  Stainless steel recuperator on an aluminum-melting furnace. 
(0.25-in.) wall. The inner wall of the outer tube was lined with a 76-mm-thick (-3-in.) layer of 
refractory insulation. The inner tube, o r  partition wall, was 0.97 m (-38 in.) in inside diameter with 
a 6.35-mm-thick (0.25-in.) wall. The annulus belween the partition wall and the refractory-lined 
outer tube was 25 mm ( 1  in.). 
Four reradiant inserts were positioned inside the partition wall as shown in Fig. 1 .  Each insert 
was 11.7 m (-38 ft) high X 0.45 m (17.5 in.) wide X 5 mm (0.1875 in.) thick. The inserts extended 
almost the effective length of the recuperator. The four inserts were arranged in a cross pattern with 
90° included angles. During operation the inserts radiate heat to the inner wall, thereby increasing 
heat transfer from 'the hot flue gases. The partition wall and the reradiant inserts were constructed of 
type 309 stainless steel. The inserts were held in a 90° cross by lncoloy 800 H angle brackets bolted 
to the inserts. 
The aluminum-melting furnace was heated by an oil burner using No. 2 fuel oil. The 
combustion products of the oil flame and any process carry-over passed through the flue to the inner 
wall of the recuperator, wt~ich served as a stack. The inner side of the partition wall and the 
reradiant inserts were constantly exposed to the flue gases. Combustion air for the oil burner was 
preheated by passage through the annulus between the partition wall and the refractory-lined outer 
tube. Ambient air entered the annulus a t  the bottom of the recuperator, as shown in Fig. I, exited a t  
the top, then passed through a duct to the combustion chamber of the oil burner. The heat recovered 
from the flue gases in this manner decreased the amount of fuel oil required to attain the necessary 
furnace temperature of -760°C (- 1 4 0 0 0 ~ ) .  
3. HISTORY OF THE RECUPERATOR DEMONSTRATION 
The furnace to which the recuperator was attached was used to melt a charge consisting of 
reclaimed beverage cans, oil-contaminated 'stamping scrap, and other scrap on a continual basis, 
using three shifts per day. The production rate was 18.1 to 20.4 Mg per 8-h shift (40,000 to  45,000 
Ib). Scrap was loaded into the furnace in the charging zone, and a salt mixture weighing about 10% 
of the scrap. weight was charged with the metal. The composition of the salt mixture was 50% 
NaC1'45% KCI-5% Na3AIFg by weight. Since the charging zone was separated from the bulk of 
the molten aluminum by a furnace bridge wall, the salt mixture was theoretically confined to the 
charging zone.. 
The recuperato'r operated in a stable condition for about 30 d. During this period the combustion 
air temperature measured a t  the exit port of the recuperator was -540°C (-1000°F). A thermocouple 
in the roof of the furnace measured the furnace temperature, and the s i b a l  from this thermocouple 
actuated a controller which adjusted a combustion air valve. The oil flow valve was, in turn, adjusted by 
a fuellair ratio controller so that the fuel mixture always contained more than the stoichiometric 
amount of air for complete combustion of the fuel. An examination of recorded data and the 
reconstruction of events allowed the D O E  contractors to  deduce the cause of the failure. After a period 
of prolonged heating necessiated by charging of metal to  be melted, the furnace thermocouple reached 
the normal set-point temperature. Upon receiving this signal from the thermocouple, the controller 
adjusted the combustion air valve to decrease the flow of air. The oil flow, however, did not 
decrcasc as  usual because of a mechanical failure. This allowed the oil flow to  remain a t  a maximum 
rate when the combustion air, on command from the controller, had decreased. As a result, 
unburned fuel passed through the flue into the recuperator. A dilution air blower, turned on by high 
temperatures in the flue, forced extra air into the flue beneath the recuperator. The unburned 
fuel burned with this air in the recuperator, and the excessive temperature caused a split t o  
develop in the partition wall. Subsequently, when additional metal charging caused the furnace 
themocouple to  call for  heat, the furnace operators observed that an insufficient amount of 
combustion air  was being delivered to the oil burner. The operators manually controlled the furnace 
for the next few days a s  the air  flow continued to decrease. While observing the flame. the operators 
attempted to  manually adjust the oil flow to maintain a stoichiometric or slightly air-rich fuel 
mixture. 
During the period o f  manual furnace control, a bypass pipe was installed to allow the 
recuperator to  be isolated while the furnace remained in operation. Simultaneously. the problem in 
the recuperator was being diagnosed with the aid of pressure taps at  several locations in the annulus 
and by a n  analysis of the llue gases. T h e  data indicated that a break had occurrcd in thc recuperator 
partition wall between the flue gas and the combustion air. This break allowed conibustion air to 
enter the flue gases due to the pressure differential (and be lost) rather than flow to the combustion 
chamber as intended. As  a resiilt, the oil biirner operated wlth less rhan rhe normal amounr of air. 
During the period just before the problem became known and during the diagnostic period, the 
burner may have operated with insufficient air to maintain oxidizing conditions in the flue gases. 
either because the oil valve had failed or  because the operators could not maintain the normal 
fuellair ratio while manually controlling furnace temperatures. An analysis of the fluc gascs in the 
recuperator during the diagnostic period (dilution air off) revealed the following: 
Approximate location 
TOP - Bottom 
Oxygen. %. 11-15 0.8 
Co~nbustiblcs. ' j i 0 0.5 
These da ta  supported other indications that a brcak had occurrcd in thc partition wall of thc 
recuperator, since oxygen was being introduced into the flue gases somewhere above the bottom of 
the recuperator. During the period of failure, manual control, and diagnosis. the oxygen content of 
the flue gases may have fluctuated considerably. The stainless steel recuperntor partition may have 
been alternately exposed to oxidizing and nonoxidizing conditions, since the operators used the 
appearance of the flame in the furnace in attempts to maintain a ncar stochiomctric air!rucl mixture. 
4. VISUAL INSPECTION AND SAMPLING PLAN 
Figure 2 is a view looking up  into the recuperator still attached to the furnace. Severe corrosion 
was evidenced by a thick corrosion product on all surfaces and by loss of material from the reradiant 
inserts. At this location the inserts had partially collapsed from the 90° cross arrangement due to 
corrosion of the inserts and of the angle brackets bolting them together. Figure 3 is another view 
looking into the bottom of the recuperator after the recuperator was removed from the furnace and 
placed in a horizontal position. The reradiant inserts collapsed completely during removal and 
handling. Corrosion products on the inner wall, loss of material from the inserts, and inward 
buckling of the partition wall a re  shown in Fig. 3. Buckling apparently resulted in a hole in the 
partition wall, as shown in Fig. 4. Figure 5 shows that the dome and inserts a t  the top of the 
recuperator were also corroded. The principal observations made during this inspection were: 
Distortion (buckling) of  the partition wall occurred at  several locations -3.7 to -6.1 m (-12 to 




ON PARTITION WALL 
Fie. 2. View d putitipn wall .ad nndhnt h W 8  at of mntor. The reuperator was still in place on the 
furnace nue. 
An irregular-shaped hole occurred in a distorted area -4.9 m (-16 ft) from the bottom. 
Thick corrosion products occurring on the wall and reradiant inserts were light gray above the 
hole and dark gray below the hole. 
Severe corrosion occurred on the reradiant inserts at the bottom end, with substantial loss of 
material. 
The lncoloy 800 H angle brackets on the reradiant inserts were severely corroded; in fact, some 
were completely d.isintegraled. 
a Discolora~iol~ on the outer wall approximately adjacent to the hole in the partition wall indicated 
that excessive temperatures occurred at that location. 
BREAK IN PARTITION 
- - 





Fig. 5. Dome and rerod'irnt inncrta at top of recuperator. 
A quantity of corrosion products had collected in the flue below the recuperator; this material, 
which contained layers of different colors, apparently fell from the recuperator during the period 
of failure, manual control, and diagnosis. 
Samples were taken for chemical and microscopic analyses at the locations shown in Table I .  
The corrosion product, identified as samples RD-I, -2, -3, -4, and -5, was easily lifted from the 
surface. A piece of refractory castable (sample C-1) was removed from the insulating ring at the 
bottom of the recuperator. This refractory material contained cracks but appeared to be still 
functional. The corroded metal samples (RI-3, RW-3, etc.) of the reradiant inserts and the partition 
wall were first cut with an oxyacetylene torch. These samples were at  least 0.3 by 0.3 m (- 12 by - 12 
in.). Smaller samples measuring -80 by 80 mm were cut from the larger samples, using a band saw. 
These smaller samples were taken from areas unaffected by cutting with the oxyacetylene torch. 
Finally, even smaller samples were cut with an abrasive cutoff wheel. Water was the only coolant 
used while the samples were cut. 
Table 1. Location of sample for analyses 
Distance from 
Sample material Designation bottom (m) Sample location 
Corrosion product RD-I 13.6 Damper near dome 
RD-2 11.6 Wall 
R D-3 7.3 Reradiant insert 
R D-4 3 .O Wall 
R D-5 1.8 Reradiant insert 
C- l 0.3 Refractory 



















5.1 Verification of Material of Construction 
The extensive corrosion observed in the recuperator prompted a chemical analysis of the 
partition wall and reradiant inserts to confirm that these components were constructed of type 309 
stainless steel as intended. The corrosion product was machined from the partition wall and the 
reradiant insert samples before the metal samples were analyzed. The results of chemical analyses are 
shown in Table 2. The typical composition of a type 309 stainless steel archive sample is included for 
comparison. The results show that the archive material, partition wall, and reradiant insert were 
clctually type 309 s tn in l~~s  steel. 
5.2 Identification of the Corrosion Product 
Samples of the corrosion product from the partition wall and rc rdhn t  inserts anrl nf the 
refractory castable were crushed to pass a 100-mesh screen (150 pm), dried at 125OC for 16 h, then 
8 
Table 2. Chemical .nrlyres of stainless steel samples 
Composition ($6) 
Element Typical 
tY Pe 309 
Archive RW-35 R1-35 
C 0.20 max 0.073 0.068 0.052 
Co 0.2 0.2 0.2 
Cr 22-24 24 23 23 
22.90p 22.79" 23.18" 
Cu 0.3 0.3 0.3 
Fe Major Major Major Major 
M n 2.0. max 1.9 1.7 1.8 
Mo 0 .A 0.3 0.2 
Nb <0.05 (0.05 c0.05 
Ni 12-15 14 IS 15 
14.99 13.99" 14.57 
P 0.045 max 0.035 0.034 0.03 1 
S 0.030 max 0,004 0.004 0.014 
Si 1.0 u~gn 11 1 016 6.7 
'Ta <0.05 <O,OS q0.05 
Ti <0.02 43.02 <O.O2 
V 0.05 0.05 0.05 
*Uupllcate analysis. 
analyzed spectrographically. The results shown in Table 3 are accurate to within one-half to two 
times the reported value. in addition to the elements originally present in the steel, the five samples 
of corrosion product contained significant amounts of Cl ,  K, Na, and S. The refractory castable 
also contained high concentrations of these elements, although K and Na may have been present in 
the original material. The source of CI, K. and Na was probably the salt mixture added to the scrap 
metal in the chargin# tone of thz furnace. The salt apparerllly was carried under the bridge wall, 
which separated the charging 7nnc from the bulk of the molten aluminum, possibly as a result of 
mechanical manipulation of the scrap by the furnace operators. A common practice is to push the 
scrap beneath the surface of the molten metal, using long poles. Scrap and salt together may have 
been pushed beneath the bridge wall during this opetation. Afterward, the salt may have been 
carried into the recuperator as entrained sblids or as vapor in the flue gases. The main source of the 
sulfur was undoubtedly the No. 2 fuel oil used to fire the furnace, since this oil contained 0.5% S and 
0.001% a&. Oil residues on some of the scrap may have contributed sulfur also. 
An x-ray diffraction analysis of the powdered corrosion product was performed for the purpose 
of idcntifying crys~llme phases. The diffraction patterns contained many diffiiw  peak^^ which 
suggest either very small crystallite size or poorly crystallized material. The measured lattice spacings 
of the samples were compared with the lattice spacings of various iron, chromium, and nickel oxides 
and with various binary and ternary oxides of iron, chromium, and nickel in an effort to identify the 
phases present. The results of this analysis are shown in Table 4, and details of the analysis are 
presented in the Appendix, Only four phases-Fea69, Fe3U4, CrzO3, and Cr304-were definitely 
identifed in the samples. The Appendix shows unidentified lattice spacings for each sample, which 
indicates that other phases were present. The lattice spacings of various iron, chromium, and nickel 
sulfates and sulfides were compared with the data, but no satisfactory correlations were found. The 
corrosion product may consist of a complex mixture of metal oxides, sulfates, and sulfides. 
Table 3. Spectrographic analyses (ppm) of samples 
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Table 4. Summary of crystalline phases idmtifkxl 
in corrosion product 
Corrosion product 
sample Ctystanine phases identified 
- -  - - 
RD-1 Fez&, Cr304, Cr203 (possible) 
RD-2 F403, Fe304, CnO4, CrsO3 
RD-3 Fe203. Fe304, Cr304, Crz03 
R W  FezO3, Fe~04 (possible), CnO4, CrzOa 
RD-5 FezO,, Fej04 (possible), Cr304, 0 2 0 3  
5.3 Metallographic Examination and Electron Microprobe Analysis 
The microstructure of the type 309 sLai111css steel uood in constn~rtinn nf the recuperator is 
shown in Fig. 6. During prior fabrication into sheet, the nonmetallic inclusions typically contained 
in this steel enlongated into thin sheets. These inclusions, which are apparent as dark horizontal lines 
in Fig. 6, do not significantly affect the mechanical properties or corrosion behavior of the steel. The 
Fi. 6. Microstructure of type 309 nahkss stcal used in fabrication of recuperator. 
steel was probably recrystallized during fabrication, but the angular grain structure suggests that 
further fabrication occurred below the recystallization temperature. 
Samples of the reradiant insert werc rnoul~tell arid pcrlished so that the corrosion product and 
base metal could he: cratnined in a planc pcrpcndi~ulat Lu  he $bf"face. kigure 7 shows polished 
(unetched) sections of the corrosion product and base metal of the reradiant inserts at intervals 
along the height of the recuperator. The corrosion product, or surface scale, appears to be a 
nonhomogeneous mixture of compounds and porosity. Cracks in the scale were probably caused by 
temperature variations coupled with differences in thermal expansion between the scale and alloy, 
and these cracks eventually caused spalling of the scale. The scale had apparently spallerl frnm 
strlllylc RI-3A because the scale plus the base metal were only -0.9 mm thick at this location (-0.9 
m from the bottom of the recuperator). Since the reradiant insert was -5 mm (31 16 in.) thick, 
corrosion had consumed >80% of the original thickness. 
The main tealu~e uf the base metal, as shown in Fig. 7, is the extensive intergranular attack 
below the surface scale. The attack is clearly visible even though the samples are not etched. 
Intergranular corrosion appears to completely isolate grains, resulting in gradual disintegration of. 
the base metal. The grain boundaries of sample RI3B contained a precipitate which is clearly visible 
in Fig. 7. The naturc of this precipitate and other characteristics of the corrosion product and base 
metal will be discussed. 
The miscrostructure of the partition wall at intervals along the height of the recuperator is 
shown in Fig. 8. The appearance of these samples is similar to that of the inserts, being characterized 
by a surface scale and intergranular corrosion of the base metal below the scale. Figures 7 and 8 
SAMPLE NUMBER RI -3A 
DISTANCE FROM 
BOTTOM (m) 0.9 
R I -  16 
4.9 
Fig. 7. Polished d o n s  of W h n t  insert at intemda showing ~ e ~ e a i o n  produot and intergranular attack of alldy. 
clearly show that corrosion occurred over the entire height of the recuperator and that the same 
corrosion process was operating at all locations. 
The distribution of elements in the corrosion product and the base metal was determined with 
an electron microprobe. The corrosion product on sample RI3A,  which was -0.9 m from the 
bottom of the recuperator, is shown in.Fig. 9, Characteristic x-ray spectra for regions A to Fin  Fig. 
9 are shown in Figs. 10 to 15. The relative peak heights in Figs. 10 to 15 indicate the relative 
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X-RAY ENERGY (keV) 
1 I 
X-RAY ENERGY IW) 
Fig. 12. C h a c t d &  %-my rptcePm of r*on C corrosion product in Fie. 9. 
I - I 
X-RAY ENERGY (keV1 
Fig. 13. f2bmtd& x-ray spectrum of region D eomion product in Fig, 9. 
concentrations of the elements. These results, summarized in Table 5, show that the corrosion 
product was nonhomogeneous in composition. The electron microprobe used in this work could not 
detect elements with atomic number less than I I (sodium); therefore, oxygen was not detected. 
X-ray diffraction results, which were presented previously, showed the presence of iron and 
chromium oxides, so oxygen was certainly present in abundance. Tabk 5 shows that sulfur was 
found in substantial amount in several regions in the corrosion product. Since the concentration of 
sulfur was quite small relative to Fe, Cr, and Ni in the original type 309 stainless steel (see Table 2), 
the relatively high concentration of sulfur in the corrosion product was undoubtedly derived from 
the fuel oil combustion products and oil residues on scrap metal. 
Figure 7 shows regions in the base metal of sample R1-3A that were also examined with the 
electron microprobe. The characteristic x-ray spectra for these regions are shown in Figs. 16 to 18. 
Figure 16 shows that the grain matrix contained Fe, Cr, and Ni in the approximate proportions 
expected for type 309 stainless steel. Figure 17 shgws that the attacked grain bouqdaries contained 
S, CI, and K in addition to Fe, Cr, Ni, and Si. A kharacteristic x-ray display for chlorine in Fig. 18 
confirms the presence of chlorine in the grain boundaries. The role of these in~purities on the 
corrosion of the alloy will be discussed later in this report. 
Figure 19 shows the characteristic x-ray spectrum for the grain precipitate in sample R1-3A. 
The precipitate was richer in chromium than was the surrounding grain mater~al, as can be 
determined by comparison with Fig. 16. Since the grain boundaries in sample R1-3A were heavily 
attacked, wc also examined the grain boundaries in sample RI-3B, Figure 20, the characteristic x-ray 
ORNL-DWG 80-8656 
MoL, AND SK, 
X-RAY ENERGY (keV) 
Fig. 14. Cbactcristk x-ray rpectrum of region E corrosion product in Fi. 9. 
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Fi. 15. Chwactcristic x-ray spectrum of qgion F corrosion product in Fi. 9. 
Table 5. Summary of electron microprobe resuits on 
corrosion product on sample R W A  
Relative concentration of 
Region in identified elements 
Fig. 9 
High Medium Low 
A Fe 
B Cr Fe, S A1 
C Cr Fe, Ni, S, Si 
D Cr. Fe, S 
E Sa Cr, Fe Ni 
F Fe, Ni 
'Since Mo La! peak colncldes with S KCX, some Mu may be 
present also. 
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Fig. 16. Chuacterirtic x-ray spectrum of q b n  G (the grain matrix) m Fa. 7. 
spectrum, shows that the grain boundaries also were richer in chromium than was the grain material. 
Precipitates faintly visible in as-polished samples (Fig. 7) were more clearly shown by etching. Figure 
21 shows the etched microstructures of samples RI3A and RI3B in regions just beyond the severely 
attacked boundaries. These photographs show extensive grain-boundary precipitates and isolated 
precipitates within the grains. A special stain etch and x-ray diffraction showed that these were 
carbide precipitates, prnhahly CrnCn. Precipitation was more extensive in sample RI3A than in 
RI3B, as can be determined by comparison of Fig. 216 (500X) with Fig. 21d (1500X). The presence 
of these carbide precipitates indicates either that the temperature at this location did not exceed 
-YWfiC (1630°F) rlu~i~rg Ll~c final hours of recuperator operatinn or that the recuperator cooled 
slowly in the range 900 to 500°C. Under normal conditions, carbides dissolve in the matrix at 
temperatures greater than 900°C. Similar precipitates were observed in other samples from the 
reradiant inserts and the partition wall. 
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Fig. 18. ChPrclcterirtic x-ray display in mmpk RI-3A, ahowing chlorine at the grain boundaries. 
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Fig. 19. Characmbtic x-ray npectcum of region I (the grain precipitate) in Fig. 7. 
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l'he amount of carbide precipitation is not consistent with the carbon content of the original 
type 309 stainless steel, which was only -0.07%. The samples have apparently been carburized by 
exposure to fuel-rich combustion products. Stainless steels can be carburized by hcating it1 an 
atmosphere containing hydrocarbon compounds or cabon monoxide. Oil vapors, of ccollrse, would 
contain carbonaceous compounds. In the case of austenitic stainless steels, carburization is 
particularly detrimental if the carbon is subsequently precipitated as carbide. Much of the carbon 
combines with chromium to form chromium carbide, Crz3C6, and the adjacent matrix, depleted in 
chromium, is less resistant to corrosion in many environments. 
An electron microprobe study was also conducted on sample RI-24, which was initially located 
-7.3 m from the bottom of the recuperator. Figures 22 to 24 show characteristic x-ray spectra of 
three regions in the corrosion product. These regions are identified as points L, M, and N in Fig. 7. 
Figure 22 shows that the outermost layer of corrosion product (region L) contained Fe and Ni in 
approximately equal proportions, but the adjacent region M, shown in Fig. 23, contained Fe, Cr, Ni, 
and S. Figure 24 shows that region N near the midthickness also contained Fe, Cr, Ni, and S, but in 
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Fi. 22. Chncmhtic x-my spectrum of region L corrosion product in sample RI-24 in Fig. 7. 
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Fi. 23. Ciumwtmbtia x-my rpscMm of region M ~ m h n  pmluct in RX-24 in Fa, 7. 
this case Cr was the major element. Since regions adjacent to regions L, M, and N often had 
different x-ray spectra, Figs. 22 tu 24 should be eonsidered to be examples of the heterogeneous 
nature of the corrosion product. Sulfur was usually found in these x-ray spectra, indicating that this 
impurity was involved in the corrosion process. 
Characteristic x-ray spectra of the intergranularly corroded base metal are shown in Figs. 25 to 
27. Figure 25 shows that the grain interior (region P) contained Fe, Cr, and Ni as expected. 
ORNL-DWG 80-8664 
X-RAY ENERGY ( keV 
Fi 24. Cbracmktic x-ray spectrum of region N corrosion product in sample RI-24 in Fi. 7. 
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Fi. 25. chmammc . . x-ray spectnm of grain in region P in sampk RI-24 in E i  7. 
Grab-boundary region Q, shown in Fig. 26, also contained Fe, Cr, and Withigher Cr concentration 
than in -ion P); and grain-bouqdary regiqn @, s k w n  in Fig. 227,, c~amhed Fe, Cr, Ni, and S. 
Characteristic x-ray dis.plays for C1, K, and 8 shown in Fig. 28 rev@l that these impurity elements 
were concentrated in the grain boundaries in the inteqranulafly attacked material. 
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Fig. 26. Cheract&tic x-ray npectrum of grain-boundary region Q in sample RI-24 in Fie. 7. 
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Fig. 27. x-ray rpGctrum of gmh-boundary region R in sample RI-24 in Fg. 7. 
Fig. 28. Characteristic x-ray displays for Cl, K, sod S in sample RI-24. 
6. DISCUSSION 
Evidence has been presented showing that the type 309 stainless steel used in construction of the 
partition wall and reradiant inserts corroded seriously during approximately 30 d of service. The 
corrosion process formed a thick surface scale contamng iron and chromium oxides and, probably, 
other oxides, sulfides, or sulfates. The reradiant inserts lust >8Wf of their original thickness in 
locations near the bottom of the recuperator. 
The corrosion resistance of stainless steels is generally attributed to the presence of an extremely 
thin oxide film that forms in air or other gas or liquid which can furnish oxygen to the surface.'" 
This adherent film is insoluble in water and many other liquids and is impermeable to these and 
many gases. Such a film, therefore, is called a "passive film." In an oxidizing environment the film is 
self-repairing if broken, but if the film cannot re-form for some reason, then corrosio~l will continue. 
Type 309 is an austenitic stainless steel containing chromium and nickel in such amounts that 
the structural form is almost always face-centered cubic austenite. The martensitic and ferritic stain- 
less steels contain chromium, but no nickel or only relatively small amounts. The austenitic types 
have the best high-temperature strength and resistance to scaling (oxidation) of the stainless steels. 
The passive oxide film on chromium steels (14% Cr or more) and stainless steels is associated with 
the presence of chromium. The oxide film on  stainless steels is enriched in Cr-203, and the resistance 
to  scaling increases with chromium ~ o n t e n t . ~  Austenitic steels containing >25% Cr  resist scaling a t  
temperatures up  to 1 100°C ( 2 0 1 0 0 ~ ) . ~  Experience shows that austenitic stainless steels containing 
25% C r  are not seriously corroded in hot oxidizing gases containing s u ~ f u r ; ~ "  however, incomplete 
combustion in a n  oxygen-starved atmosphere containing sulfur may result in damage or  loss of the 
protective oxide film and corrosion of the alloy.' 
Although extensive corrosion occurred in this recuperator, type 309 stainless steel was a proper 
choice as the material of construction under "normal" conditions. The corrosion in this particular 
case was caused by unusual conditions which the steel could not tolerate. Probably no other iron- o r  
nickel-based material of construction could resist corrosion under the same conditions. The lncoloy 
800 H alloy, which contains more nickel (33%) than does type 309 stainless steel, was used as angle 
brackets on the reradiant inserts, and this alloy also corroded badly. A eutectic in the Ni-S systerrl at 
645°C (1 193°F) discourages use of high-nickel alloys in sulfur-containing atmospheres. The unusual 
conditions in the case of this recuperator occurred when the air/fuel ratio of the oil burner was not 
being controlled because of failure of the oil valve. As a result, the recuperator and reradiant inserts 
were exposed to unburned fuel and to high temperatures when the unburned fuel was ignited by 
extra air forced into the recuperator by a dilution air fan. A break in the partition wall, probably 
caused by excessive temperatures, allowed some combustion air to escape into the flue gases. The 
furnace operators noticed the decrease in the amount of combustion air. During the diagnostic 
period the airlfuel ratio may have varied between oxygen rich and fuel rich a s  the furnace operators 
used the appearance of 'the flame as  a guide in adjusting the oil and air flows to maintain the 
required temperature and a near-stoichinmetric fuel mixture. Some thermal cycling ,of the 
recuperator may have occurred during this period. Thermal cycling would promote corrosion by 
causing the surface scale to crack and spall, thereby exposing fresh metal surface for attack by the 
flue gases. 
The available evidence indicates that the corrosion mechanism was sulfidation-oxidation. This 
corrosion process, which has been described by Stringer and whittle6 and by,stringer, '  has been 
observed in iron- and nickel-based alloys in fludized-bed combustors and in utility equipment using 
fossil fuels. Corrosion is governed by the thermodynamic stability of the oxides and sulfides of the 
elements involved. Figure 29 shows the limiting oxygen and sulfur partial pressures for  stability of 
Cl'203 and CrS  a t  tcmpcratures of -870 and - 1 100°C. These temperatures are used f o r  illustrative 
purposes and d o  not necessarily refer to actual known temperatures in the recuperator. Since the oil 
flame temperature is estimated to be - 2 1 0 0 ~ ~ , ~  the temperatures used in Fig. 29 are not 
unreasonable. This type of diagram was calculated by Hemmings and ~ e r k i n s , ~  who have also 
constructed similar diagrams for Fe, Ni, and Mn a t  different temperatures. If the combustion 
products at  870°C, for example, contained po, > Pa and ps, < Pa, the stable phase would 
be Cr203. In the case of stainless steel, the oxide film would contain Cr203 and would be protective. 
The  value of po, decreases from the ambient value to Pa  a t  the Cr-Cr203 interface (or the 
stainless steel-oxide film interface). If the oxide film on the stainless steel is completely transparent 
to sulfur, then the value of ps, a t  the interface would equal the ambient value. Thus a n  increase in 
ps, in the combustion products could shift the equilibrium a t  the  interface in favor of CrS  instead of 
Cr203. This is equivalent to loss of the protective oxide film, and without the protective film the 
alloy corrodes relatively rapidly. 
Some characteristics of this type of corrosion have been described by Stringer and whittle.' 
Sulfides form ahead of the oxidation front and prevent formation of a continuous protective oxide 
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Fig. 29. Phase relationships in the Cr-0-S system. 
film. As a result the alloy oxidizes. A self-perpetuating situation develops when oxidation of the 
sulfides releases sulfur, which diffuses further into the alloy and forms more sulfides. 
In tests conducted in a coal-fed fluidized-bed combustor, a variety , o f  iron-, nickel-, and 
cobalt-based alloys (including austenitic stainless steels) were exposed to fluidizing gases containing 
300 to  400 ppm SO2 a t  temperatures up  to -900°c.' Sulfides were detected beneath the surface of 
each of the alloys. The stainless steels exhibited a fairly uniform band o r  zone containing discrete 
p l r~ic les .  Svme of the nickel- and cobalt-based alloys exhibited cxtcnsive grain-boundary 
penetration of sulfides. These alloys had thick scales with sulfides beneath the oxide. 
The above description of the sulfidation-oxidation process and the cited examples of this type 
of corrosion are  consistent with the results present,ed in this analysis. In the present case the ele&cnt,s 
needed for enhanced corrosion were most likely present: chromium carbide precip'itates at  grain 
boundaries, making adjacent regions sensitive to intergranular attack because of chromium 
depletion; fluctuations in oxygen and sulfur potentials in the flue gases, resulting in 
low-oxygen-high-sulfur conditions; thermal cycling, resulting in spalling of the surface scale; and the 
presence of chlorine in the flue gases. 
S o  far, the role of chlorine in corrosion of this material has not been discussed. Chlorine. 
potassium, and sodium, evidently carry-over from the salt flux mixtbre charged with the aluminum 
scrap, were found in the corrosion product, while chlorine and potassium were found in the 
intergranularly corroded metal. Investigations have shown that halides cause corrosion of stainless 
steels and nickel-based alloys under certain conditions. ~ e ~ b o l t "  observed that destructive internal 
oxidation o r  grain-boundary attack occurred when these materials were alternately dipped in a n  
NaC1 (or  Nal,  NaBr, NaF) solution then heated to a temperature in the range 800 to 1000°C in air. 
Such corrosion resulted in a penetration rate of -7 nm/s  (0.001 in./h). Seybolt made two other 
important observatio'ns: ( I )  the halides were more destructive when the exposure temperature was 
above their melting points, and (2) tests with compounds such as NaOH and N a H C 0 3  showed that 
sodium ions did not enhance corrosion. 
In another investigation," several nickel- and iron-based alloys, including austenitic stainless 
steels, were exposed to a fluidized-bed combustion environment t o  evaluate the effects of NaC1 and 
CaC12 on corrosion. Test temperatures ranged between 450 and 950°C, and the atmosphere 
contained 5% 0 2  and up t o  500 ppm S02. The salts prevented formation of the normally protective 
oxide film. As a result, corrosion rates were higher than observed in the absence of salt. Corrosion , 
was attributed to a combination of internal oxidation and sulfidation. 
7. SUMMARY AND CONCLUSIONS 
A concentric-tube recuperator with reradiant inserts on an  aluminum-melting furnace recovered 
heat from the furnace flue gases and delivered heated combustion air to the furnace, which was 
heated with No. 2 fuel oil. Aluminum scrap and a mixture of halide salts constituted the furnace 
charge; however, the salts were supposedly cdnfined to the charging zone by a furnace bridge wall. 
After about 30 d of operation, during which the recuperator delivered combustion air  a t  -540°C 
(IOOO°F) to the furnace, changes in operating characteristics were noted. During a diagnostic period 
of several days, data indicated a break in the partition wall of the recuperator which allowed some 
combustion air to be lost to the flue gases. The partition wall and reradiant inserts were probably 
exposed to flue gases containing less than the normal amount of oxygen, partially burned fuel, 
higher than normal temperatures, and temperature fluctuations. The recuperator was then shut 
,down, and an  inspection revealed excessive corrosion of the partition wall and inserts as well as 
buckling and breaking uf' the partition wall. 
Our  analysis revealed the following: 
I. Chemical analyses confirmed that the material of construction for  the partition wall and reradiant 
inserts was type 309 stainless steel as intended. 
2. ~ e t a l l o ~ r a ~ h i c  examination of samples along the entire'length of the partition wall and reiadiant 
inserts revealed extensive corrosion characterized by surface scale and intergranular attack of the 
alloy directly under the scale: 
3. X-ray diffraction patterns revealed that the surface scale contained iron and chromium oxides 
(and other unidentified compounds), while chemical analysis showed that the scale also contained 
C I ,  K ,  Na, and S. 
4. Electron n~icroprobe analysis showed' that precipitates in the grains and grain boundaries of 
unattacked alloy were rich in chromium (relative to the matrix), and both a stain etch and x-ray 
d~t'fraction showed [hat the precipitates were caibidc, probably CrjSCI. 
5. Electron microprobe analysis revealed the presence of C I ,  K ,  and S in intergranularly attacked 
grain boundaries. 
.. . 
We concluded that the corrosion mechanism was primarily sulfidation-oxidatiqn in wh'ich 
low-oxygen-high-sulfur atmospheres resulted in formation of sulfides under conditions in which the 
steel could not maintain a normally protective oxide film. In addition, chlorides in the flue gases 
contributed to corrosion by further reducing the ability of the steel to form a protective oxide film. 
8. RECOMMENDATIONS 
The results presented and the conclusions concerning the 'corrosion mechanism for the allvy ili 
this recupcrntor suggest several courses of action which, we believe. would greatly dccrcase the 
potential for  corrosion of type 309 stainless steel in future recuperators. 
Test specimens of candidate alloys should be systematically exposed to hot flue gases prior to 
actual installation of the recuperator to dcterrnine whet11t.r particularly corrosivc conditions exist. 
The specimens should be located in '  positions which present the most severe conditions of 
temperature and flue gas composition likely to be encountered in recuperator scrvicc. The flue gases 
should be continuously monitored for oxygen, combustibles, and sulfur-bearing gases so that any 
corrosion observed can later be directly correlated with the atmospheric exposure of the recuperator. 
In cases where the recuperator is already installed or in use, we recommend that combustion be 
carefully controlled so that the flue gases always contain excess oxygen. The oxygen content of the 
flue gases should be as high as practical and never less than about 5% by volume. Continuous 
monitoring of the oxygen level and the combustible content of the flue gas at the inlet to the 
recuperator should also be done in conjuction with a control system, including automatic means of 
adding extra air to the recuperator when the oxygen level decreases below about 5%, Finally, 
chlorides should be prevented from entering the recuperator if at all possible, since the detrimental 
cffccr of such  compour~ds 1s well documented. These rer.nmmcndation are intendcd to cmpka.gi7.r. 
the need for complete combustion of fuel, having excess oxygen in the flue gases, and an absence of 
chlorides in the flue gases. 
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Table A-1. Phases in corrosion product RD-I determined 
by x-ray diffraction 
Lattice spacing (nm) 
RD-I 
Fe203 Cr304 Cr203 
3 2 
Table A-2. Phases in corrosion product RD-2 determined by x-ray diffraction 
Lutticc spacing (nni l  
K 0 - 2  
Fez03 FejO. Cr301 Crz01 
3 3 
Table A-3. Phases in corrosion product RD-3 determined by x-ray diffraction 
Lattice spacing (nm) 
R D-3 
Fez03 Fe104 Cr104 Cr201 
34 
Table A 4 .  Phases in corrosion product RD4 determined by x-ray diffraction 
Table A-5. Phases in corrosion product RD-5 determined by x-ray diffraction 
Lattice spacing (nm) 
R D-5 
. Fez03 Fe304 Cr304 Cr203 
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